Purpose: To investigate the participation of cysteinyl leukotrienes in the pathophysiology of oral mucositis. Methods: Oral mucositis was induced in hamsters using 5-fluorouracil (5-FU; 60 and 40 mg/ kg; i.p., on days 1 and 2, respectively, and with excoriations in jugal mucosa on day 4). Montelukast (10, 20, or 40 mg/kg/d; gavage), MK886 (3 mg/kg/d, i.p.), or saline or celecoxib (7.5 mg/kg/d; i.p.) was administered 1 h prior to 5-FU and daily, until the fourth (MK886) or tenth day, when the animals were euthanized and their jugal mucosa was collected for macroscopic, histopathological, and immunohistochemical evaluation. Results: Neither montelukast nor MK-886 prevented the oral mucositis induced by 5-FU, as observed by histopathological evaluation. In addition, we did not find significant differences in the expression of inducible nitric oxide synthase-2, cyclooxygenase-2, or interleukin (IL)-1β between the experimental and control groups. However, we did observe a significant decrease in tumor necrosis factor (TNF)-α expression for all doses of montelukast; we also observed a significant decrease in IL-10 with 40 mg/kg/d and MK 886. Conclusions: Cysteinyl leukotrienes do not play an important role in experimental oral mucositis induced by 5-FU. There is a modulating action specifically on TNF-α.
leukotrienes receptor) and MK-886 (5-LOX inhibitor), while evaluating inflammatory parameters such as cytokines.
■ Methods
All procedures involving animals were approved by Universidade Federal do Ceará, Committee on ethical treatment of research animals (protocol 0033/2012). Surgical procedures and animal treatments were conducted in accordance with the Guidelines for Institutional Animal Care, and were approved by our local ethics committee for experimental use on the animals.
Eighty-four adult male golden hamsters weighing 100-150g were housed in temperature-controlled rooms and received water and food ad libitum. 
Induction of experimental OM
OM was induced using two intraperitoneal (i.p.) administrations of 5-FU on days 1 and 2 of the experiment (60 and 40 mg/ kg, respectively), according to an experimental OM model previously described 11, 12 . On day 4, under anesthesia with 2.5% tribromoethanol (250 mg/kg, i.p.), the cheek pouch mucosa was irritated by superficial scratching, to potentiate OM. We performed this step by dragging the
■ Introduction
Oral mucositis (OM) is an important, dose-limiting side effect observed in patients undergoing radiotherapy (RT) and chemotherapy (CT) 1, 2 . Proinflammatory cytokines are released in response to reactive oxygen species produced by CT-damaged cells; the pathogenesis of OM, however, is yet to be fully elucidated 3 . Cyclooxygenase (COX)-2 and 5-lipoxygenase (5-LOX) are key enzymes involved in the metabolism of arachidonic acid (AA); these enzymes lead to the formation of fatty acids known as eicosanoids 4 . The COX pathway helps mediate the inflammatory response; many chemotherapeutic drugs can directly activate this pathway at several sites, including the oral mucosa 4 . Despite the well-known relationship of the COX pathway with chemotherapy-induced OM 4, 5 , we could not find any study investigating the role of leukotrienes (AA metabolites) in OM caused by antineoplastic agents. It has been proposed that the inhibition of one arm of the AA cascade may result in amplification of another arm, with potentially undesirable effects; for example, inhibition of the COX-2 pathway may lead to activation of 5-LOX and increased production of leukotrienes such as LTD4 6 .
Studies have identified leukotrienes as mediators in the inflammatory processes of the gastric and intestinal mucosa [7] [8] [9] [10] . It is known that oral and gastrointestinal mucositis present similarities in their pathophysiology. Therefore, elucidating the pathophysiological mechanisms by which leukotrienes participate in inflammatory processes of the oral mucosa may lead to methods of prevention and control. The present study was performed to investigate the participation of cysteinyl leukotrienes (cys-LT) in 5-FU induced OM pathophysiology, using montelukast (MTK), (blocker of the cysteinyl tip of an 18-gauge needle twice, in a linear manner, across the everted cheek pouch. The animals were killed on day 10 after the initial injection of 5-FU, under anesthesia with 2.5% tribromoethanol (250 mg/kg, i.p.). There were at least 5 animals in each experimental group.
Experimental groups
• MTK10: animals subjected to OM induction that received MTK (10 mg/kg/d; via gavage) 1 h before the first administration of 5-FU, and daily for 10 d.
• MTK20: animals subjected to OM induction receiving MTK (20 mg/kg/d; via gavage) 1 h before the first administration of 5-FU, and daily for 10 d.
• MTK40: animals subjected to OM induction receiving MTK (40 mg/kg/ d; via gavage) 1 h before the first administration of 5-FU, and daily for 10 d.
• MK886: animals subjected to OM induction that received MK886 (3 mg/kg/d, i.p.) 1 h prior to the first administration of 5-FU, and daily for 4 d.
The control groups were constituted of at least 5 animals per group, and were organized as follows:
• 5-FU: animals subjected to OM induction
• SAL: animals not subjected to OM induction, that is, normal control.
• MT: animals subjected only to excoriations in the oral mucosa
• CLX: animals subjected to OM induction receiving celecoxib (7.5 mg/kg/d; i.p.) 1 h before the first administration of 5-FU, and daily for 10 d. This group was added as a gold standard treatment, in light of previous findings that this intervention considerably reduced the inflammatory effects of induced OM.
The study was divided into two parts: the first set of experiments investigated the effect of blockade of cys-LT via MTK (10, 20, or 40 mg/kg/d, gavage) for 10 d. The second set of experiments investigated the cascade blockade of leukotriene synthesis at a step further upstream, thus inhibiting all classes of leukotrienes, and not only the cys-LT, for which inhibition was assessed after the administration of MTK. MK886 (3 mg/kg/d, i.p.) was therefore used as an inhibitor of 5-LOX synthesis, 1 h prior to 5-FU administration, and daily until experimental day 4. The use of this drug for 4 d was based on previous studies, using the same experimental model as that used in the present study, suggesting that an intervention in the first 4 d is enough to prevent or minimize the inflammatory changes observed on day 10
13
. The control groups used were the same as described for the first set of experiments, except for the celecoxib group (CLX). Likewise, the animals were euthanized on day 10 of the second experiment set.
Macroscopic analysis of cheek pouch
Photographs were used for scoring lesions. For macroscopic analysis, inflammatory aspects such as erythema, erosion, vasodilatation, epithelial ulcerations, and abscesses were evaluated in a singleblind fashion, and graded as follows. Score 0: completely healthy cheek pouch, with erosion or vasodilatation absent. Score 1: presence of erythema, but no evidence of erosion in the cheek pouch. Score 2: severe erythema, vasodilation, and surface erosion. Score 3: formation of ulcers on one or more faces of the mucosa, but not affecting more than 25% of the surface area of the cheek pouch; severe erythema and vasodilatation. Score 4: Cumulative formation of ulcers on about 50% of the surface area of the cheek pouch. Score 5: virtually complete ulceration of the cheek pouch mucosa. In the latter case, the fibrosis makes oral mucosa exposure difficult.
Histopathological analysis of cheek pouch
The specimens were fixed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin. Sections of 4-µm thickness were obtained for hematoxylin-eosin staining (H&E), and examined using light microscopy (x 40). The parameters of inflammatory cell infiltration, vasodilatation, presence of hemorrhagic areas, edema, ulcerations, and abscesses were determined in a single-blind fashion and graded as follows. Score 0: normal epithelium and connective tissue without vasodilatation; absence of discreet cellular infiltration; absence of hemorrhagic areas, ulcerations, or abscesses. Score 1: discreet vasodilatation, re-epithelization areas; discreet inflammatory infiltration with mononuclear prevalence; absence of hemorrhagic areas, edema, ulcerations, or abscesses. Score 2: moderate vasodilatation, areas of hydropic epithelial degeneration, inflammatory infiltration with neutrophil prevalence, presence of hemorrhagic areas, edema and eventual ulcerations, and absence of abscesses. Score 3: severe vasodilatation, inflammatory infiltration with neutrophil prevalence, presence of hemorrhagic areas, edema and extensive ulceration, and abscesses.
Immunohistochemical detection of iNOS2, COX-2, IL1-β, TNF-α, and IL10
On day 10 of the experiment, the animals were euthanized and had their oral mucosa removed and fixed in 10% formalin for 24 h, in the preparation for immunohistochemistry slides. Immunohistochemistry for iNOS2, COX-2, IL1-β, TNF-α, and IL10 was performed using the streptavidin-biotin-peroxidase method 14 . The tissues were dehydrated in alcohol, and subsequently embedded in paraffin. After this procedure, 4-μm serial cuts were made in appropriate microtome and placed on L-polylysine slides suitable for immunohistochemistry. The sections were dewaxed, hydrated in xylol and alcohol, and for antigen recovery, immersed in 0.1 M citrate buffer (pH 6.0 or 9.0) in a warm water bath for 30 min at 95°C. After cooling to room temperature for 20 min, the sections were washed with phosphate buffered saline (PBS), interspersed with blocking the endogenous peroxidase with 3% H 2 O 2 solution (20 min). Protein in block was next blocked for 20 min. The sections were incubated overnight with goat antiiNOS2 (1: 200), COX-2 (1: 100), IL1-β (1:00), TNF-α (1: 100), and IL10 (1: 100). All antibodies (Santa Cruz) were diluted in antibody diluents (Abican). After washing in PBS, incubation with bituminized (goat) IgG anti-goat, rabbit, and anti-mouse diluted 1: 400 (Santa Cruz) was performed for 30 min. After washing, the sections were incubated with the conjugated streptavidin peroxidase complex (ABC Santa Cruz complex) for 30 min. After further washing with PBS, staining with the chromogen 3,3'-diaminobenzidine peroxide (DAB), and counterstaining with Mayer's hematoxylin, the samples were finally dehydrated, and the slides were assembled. Negative controls were processed simultaneously as described above, with the primary antibody being replaced with 5% PBS-BSA.
Quantification of the immunostained cells was performed by using ImageJ to process images captured using a light microscope coupled to a camera with an LAZ 3,5 acquisition system (Leica DM1000, Germany). At least 4 animals per group were evaluated, considering 10 fields by histological section, at x400 magnification. Immunostained cells were those that showed brown cytoplasmic staining. The results were expressed as the number of cells marked per group.
Statistical analysis
Data were expressed as mean ± standard error (mean ± SEM), or median, as appropriate. Before choosing the statistical test (parametric or non-parametric), the groups compared were assessed for their normality using the D'Agostino & Pearson omnibus and Shapiro-Wilk tests. Analysis of variance (ANOVA) using the Kruskal-Wallis test, followed by Dunn's multiple comparisons test, was used to compare data from the various groups. The data were analyzed using the GraphPad Prism 6.0 software package (La Jolla, CA, USA). The level of significance was 5% (p<0.05).
■ Results

First set of experiments
Macroscopic and histopathological analyses of cheek pouch At day 10 of the experiment, macroscopic analysis showed that the control group subjected to OM induction by 5-FU presented significant inflammatory alterations, relative to controls not subjected to OM induction (SAL and MT) (p<0.05). Histopathological analysis (H&E) corroborates these findings. This group had a median histopathological score of 3, and a significant variation in relation to the groups SAL, TM, and CLX (Table 1 ) (p<0.05).
MTK at concentrations of 10 and 20 mg/kg/d did not prevent macroscopic damage to the oral mucosa, but animals treated with the highest dose of MTK presented lower scores than those in the 5-FU group. The MTK40 group did not have a statistically significant difference from the SAL, MT, or CLX groups (normal control and standard treatment groups). However, no statistical differences were found between the MTK40 and 5-FU groups. A partial protective effect was suggested for 40 mg/kg of MTK. However, this protective effect was not confirmed in the histopathological analysis ( The data represent medians of the scores (and variation) of at least five animals per group. *P<0.05 represents statistical difference in relation to the control group constituted of healthy animals (SAL); +P<0.05 represents statistical difference in relation to the control group composed of animals subjected to mechanical trauma (MT); $P<0.05 represents statistical difference in relation to the CLX control group; # P<0.05 compared to the 5-FU group. Kruskal-Wallis and Dunn's test.
Immunohistochemical detection of iNOS2, COX-2, IL1-β, TNF-α, and IL10 The immunohistochemical analysis for iNOS2 allows us to infer the production of nitric oxide (NO) in the mucosa. Therefore, it is a parameter of inflammatory intensity. It was observed that 5-FU-induced mucositis resulted in a significant increase in the expression of iNOS2 in the jugal mucosa of hamsters ( Figure  1 ) (p<0.05); these data demonstrate that NO participation through iNOS2 increased due to induction of mucositis. Treatment with MTK did not prevent the increase in iNOS2 expression (Figure 1) (p<0.05) . The CLX group presented a significant reduction in the cell's immunomarcation, demonstrating a protective action. Thus, it can be seen that cys-LTs in this study exerted little influence on the increase in the number of cells marked for iNOS2 and, consequently, little influence on NO production. In order to analyze the blockade of the cys-LTs pathway in comparison to that of the COX-2 pathway, immunostaining of COX-2 was quantitatively assessed. 5-FUinduced mucositis in the jugal mucosa of the animals promoted a significant increase in the expression of COX-2-labeled cells, supporting the strong stimulation of the cyclooxygenase pathway by this inflammatory stimulus. However, in the CLX group, as expected, there was a significant reduction in the number of immunostained cells (Figure 1) (p<0.05) . Cys-LTs do not significantly interfere in the mediation of COX-2 expression and its blockade therefore cannot exert a protective effect on 5-FU-induced OM. The findings are similar to the immunohistochemistry results for iNOS2 (Figure 1) (p<0.05) . This similarity corroborates an apparent interaction between the COX-2 pathway and the production of iNOS2; however, it also suggests that the same does not occur in relation to cys-LTs and iNOS2 in OM caused by 5-FU. In addition, the use of the cys-LT blocker apparently had no influence on COX-2 expression and inflammation mediated by this pathway (Figure 1 ) (p<0.05).
IL1-β is a cytokine with recognized proinflammatory activity in 5-FU-induced OM. The 5-FU group presented a significant increase in the immunostaining for IL1-β relative to the healthy controls (SAL and MT) (Figure 1 ) (p<0.05), as well as the control considered to be the gold standard of treatment by this study (CLX). There were no significant differences in the groups that used MTK at any of the doses administered, although a decreasing tendency was observed, which was not confirmed by the statistical tests (Figure 1) (p<0.05) . The presence of IL1-β-labeled cells followed the same pattern as that observed for INOS2 and COX-2 ( Figure 1) (p<0.05) .
We performed immunohistochemical investigation of TNF-α, another important proinflammatory cytokine, and found a significant increase of its expression in the 5-FU group (Figure 1) (p<0.05) . Consistent with inflammatory activity of TNF-α in this group, the administration of celecoxib promoted a significant reduction in the expression of this cytokine, as well as the inhibition of cys-LT through the use of MTK at various doses (Figure 1 ) (p<0.05), demonstrating a protection or decrease in this inflammatory marker by inhibition of both the cyclooxygenase-2 pathway and the cys-leukotriene pathway. These findings suggest the possibility of cys-LT having an influence on the production of TNF-α in OM caused by 5-FU, and consequently a partial protective or modulatory effect on this inflammatory parameter.
To verify the behavior of an antiinflammatory cytokine to the effect of the inhibition of cys-LT and COX-2 during OM induced by 5-FU, an immunohistochemical study for the detection of IL10 was performed. All 5-FU-induced OM groups (5-FU, MTK10, MTK20, MTK40, and CLX) exhibited an increase in IL10-labeled cells on jugal mucosa of the hamsters (Figure 1) (p<0.05) . The CLX group (standard treatment) also showed a significant increase in expression when compared with normal controls (not subjected to OM induction) (Figure 1 ) (p<0.05). When 5-FU was the target group for comparative analysis, it was statistically different from saline groups, mechanical trauma and, interestingly, from the group administered MTK at a dose of 40 mg/ kg/d (Figure 1) (p<0.05) . However, the 5-FU group did not present a significant difference from the groups that were administered 10 and 20 mg/kg doses per day of MTK and the group that received celecoxib (Figure 1) (p<0.05) . These findings suggest an influence of cys-LT on IL10 expression behavior for less, with increased blockade of these. However, they also demonstrate increased IL10 expression despite COX-2 blockade in the 5-FU-induced OM model.
Second set of experiments: evaluation after 5-lipoxygenase blockade by MK886
Blocking of 5-lipoxygenase by MK886 inhibits the leukotriene pathway at its root, thus preventing the production of both cys-LT and other leukotrienes. This blocking method can therefore reveal whether the other leukotrienes, besides the cys-LT, have different roles in OM induced by 5-FU.
Macroscopic and Histopathological analysis of cheek pouch
The macroscopic evaluation of lesions occurring on the mucosa of the hamster with 5-FU induced OM showed, in the groups where there was induction of OM, alterations suggestive of intense inflammatory processes (Table 2 ) (p<0.05). Administration of the 5-LOX blocker (MK886) was not able to decrease the intensity of the inflammatory signals. Histopathological evaluation showed similar findings, corroborating that the blockade of all leukotriene classes was not able to decrease the intensity of OM (Table 2 ) (p<0.05). These data demonstrate that leukotrienes do not play an important role in mediating this inflammatory process. The data represent medians of the scores (and variation) of at least five animals per group. *P<0.05 represents statistical difference in relation to the control group constituted of healthy animals (SAL); +P<0.05 represents statistical difference in relation to the control group composed of animals subjected to mechanical trauma (MT); #P<0.05 compared to the 5-FU group. Kruskal-Wallis and Dunn's test.
Immunohistochemistry for detection of iNOS2, COX-2, IL1-β, TNF-α, and IL10
To evaluate the action of 5-LOX block on the production of nitric oxide (NO) in OM induced by 5-FU, we performed the quantitative analysis of the cellular marking by immunohistochemistry for iNOS2. 5-FUinduced mucositis resulted in a significant increase in iNOS2 in the jugal mucosa of hamsters (Figure 2 ) (p<0.05). Treatment with MK886 was not able to prevent the increase of iNOS2 expression (Figure 2) (p<0.05) . This result indicates that leukotrienes have no significant role in iNOS2 expression, as their blockade was unable to ameliorate mucositis in the OM model of hamsters induced by 5-FU. In order to analyze the importance of the COX-2 pathway after 5-LOX blockade, the immunostaining of COX-2 cells was evaluated quantitatively. The induction of 5-FU mucositis in the jugal mucosa of the animals promoted a significant increase in the number of COX-2-labeled cells, confirming the stimulation of the cyclooxygenase pathway by this inflammatory stimulus (Figure 2) (p<0.05) . The administration of MK886 to animals that underwent OM induction, therefore, was not able to promote a significant reduction in the number of marked cells when the groups were compared with the 5-FU control (Figure 2 ) (p<0.05). Thus, even a blockade of all leukotriene classes did not interfere with COX-2 expression in OM induced by 5-FU.
IL1-β expression was carried out to detect whether the production of this proinflammatory cytokine was modified due to the inhibition of 5-LOX by MK886 in OM induced by 5-FU. Increased number of IL1-β-immunolabeled cells was observed in the OM groups. There was no significant difference between the MK 886 group and the 5-FU group (Figure 2 ) (p<0.05). Although the group in which 5-LOX was inhibited showed a decreasing tendency for IL1-β-immunolabeled cells, this tendency was not confirmed by statistical tests (Figure 2 ) (p<0.05). We thus conclude that blocking all classes of leukotrienes does not significantly interfere in the expression of this important inflammatory cytokine for 5-FUinduced OM.
Immunohistochemical observations revealed a significant increase in TNF-α expression in the 5-FU group (positive control of OM induction), thus, demonstrating their inflammatory action in this group (Figure 2 ) (p<0.05). Administration of MK886 promoted a significant reduction in the number of cells labeled for this cytokine. Thus, protection was demonstrated by the decrease of this inflammatory marker, by inhibition of the leukotriene pathway. These findings reinforce that leukotrienes influence the production of TNF-α in OM induced by 5-FU, and consequently exert a partially protective or modulatory effect on this important inflammatory parameter.
The immunohistochemical detection of IL10 was performed to verify the behavior of a cytokine with anti-inflammatory characteristics as an effect of 5-LOX inhibition during OM induced by 5-FU. All groups with induction of OM by 5-FU (5-FU, MK886) showed an increase in the expression of IL10 on jugal mucosa cells when compared to the SAL group (Figure 2 ) (p<0.05). Interestingly, the MT group also showed a significant increase in expression when compared to SAL groups (both normal controls, not subjected to OM induction) (Figure 2 ) (p<0.05). The analysis of cells labeled for IL10 shows a statistically significant difference between the saline group and all others, including the MT group (Figure 2 ) (p<0.05). On the other hand, a significant difference was observed between the 5-FU group and the saline, MT, and MK886 groups. That is, inhibition of leukotrienes by blocking 5-LOX for only 4 d interferes with IL10 expression.
■ Discussion
The pathophysiological mechanisms of OM, a side effect of the use of CT are not completely understood. This study aimed to clarify some aspects of the role of leukotrienes, especially cys-LTs, in the 5-FU-induced OM model, through the use of the cys-LT inhibitor MTK and the 5-lipoxygenase inhibitor (5-LOX), MK886.
In the present study, an intense inflammatory process was observed in the jugal mucosa of the animals. These observations were consistent with the peak of the inflammatory process described in the literature 12, 13, 15, 16 . It was observed that macroscopically, when the cys-LT blocker dose was increased to 40 mg/ kg/d for 10 d, partial protection against OM induced by 5-FU occurred, but not as intense as when COX-2 was blocked. This finding was not observed in the histopathological evaluation; perhaps due to the lower scores in the histopathological analysis, subtle signs of improvement were not apparent.
The immunohistochemical evaluations for iNOS2, COX-2, and IL1-β expression in the oral mucosa showed that the expression of none of these inflammatory markers was altered by MTK or MK886 leukotriene blockade. That is, there is no influence of leukotrienes on these markers in the 5-FU induced OM model, and the inhibition of leukotrienes does not promote protection.
The involvement of leukotrienes in the regulation of iNOS gene expression has been reported in several cell types [17] [18] [19] . It is suggested that the action of lipoxygenase on the gene expression of iNOS has a specific relation with the cell type 20 . These findings may also explain why inhibition of cys-LT and 5-LOX did not reduce iNOS expression; this is probably because the cells involved in the inflammatory process of OM induced by 5-FU did not exhibit this specificity for the increase of iNOS by leukotrienes.
Studies have shown conflicting results regarding the effect of leukotriene blockade on the expression of COX-2 [21] [22] [23] . These conflicting data may be explained by the "shunt" effect between cyclooxygenase and leukotriene pathways 9 . Leukotriene blockade did not significantly alter the COX-2 pathway in 5-FUinduced OM.
The OM model presents increased expression of TNF-α and IL1-β at its inflammatory peak (day 10) The diversity of cascades and the overlapping actions of various mediators 25 could explain the diverse behavior of TNF-α and IL1-β, which exhibit similar behavior in inflammatory changes.
IL10 is a cytokine with anti-inflammatory properties in macrophages and monocytes; it decreases the production of mediators and may inhibit the presentation of antigens, although it stimulates the uptake of antigens 26 . It was found that the IL-10 levels in hamsters with 5-FU-induced OM were higher than those in healthy animals 27 . The use of COX-2 inhibitors and cys-LTs inhibitors (at doses of 10 and 20 mg/ kg/d for 10 d) also did not significantly reduce the expression of this cytokine. However, the 5-LOX inhibitor for 4 d, and MTK at the dose of 40 mg/kg/d for 10 d, significantly reduced IL-10 expression in relation to the 5-FU group, suggesting that a very intense blockade of cys-LTs is necessary to interfere with IL-10 expression. There is a basal level of IL-10 that is unperturbed by moderate inhibitions of cysLTs. This result suggested a partial modulatory effect of leukotrienes on IL-10. The differing IL-10 expression responses observed among several studies result from different pathways triggered by different stimuli [28] [29] [30] . In summary, IL-10 may present different responses to leukotriene stimulation according to the environment and inflammatory stimulus.
■ Conclusions
Inhibition of cys-LTs and 5-LOX did not play an important role in the expression of several inflammatory mediators of OM, except for its action on TNF-α. The findings of the present study clarify and emphasize that blockade of cys-LT by MTK does not promote protection against OM induced by 5-FU. Therefore, cys-LT does not play an important role in mediating 5-FU-induced OM inflammation. Blockade of 5-LOX by MK886 did not modify these findings. The effect of blocking cys-LT and 5-LOX on TNF-α suggests a specific modulating action on this cytokine in OM induced by 5-FU.
■
